Purpose Traditional polymeric nanoparticle formulations for prolonged local action during inhalation therapy are highly susceptible to muco-ciliary clearance. In addition, polymeric carriers are typically administered in high doses due to finite drug loading. For toxicological reasons, these carriers and their degradation byproducts are undesirable for inhalation therapy, particularly for chronic use, due to potential lung accumulation. Methods We synthesized a novel, insoluble prodrug (MRPD) of a time-dependent β-lactam, meropenem, and formulated MRPD into mucus-penetrating crystals (MRPD-MPCs). After characterizing their mucus mobility (in vitro) and stability, we evaluated the lung pharmacokinetics of intratracheallyinstilled MRPD-MPCs and a meropenem solution in guinea pigs. Results Meropenem levels rapidly declined in the lungs of guinea pigs receiving meropenem solution compared to those given MRPD-MPCs. At 9 h after dosing, drug levels in the lungs of animals that received meropenem solution dropped to 12 ng/mL, whereas those that received MRPD-MPCs maintained an average drug level of ≥1,065 ng/mL over a 12-h period. Conclusions This work demonstrated that the combination of prodrug chemistry and mucus-penetrating platform created nanoparticles that produced sustained levels of meropenem in guinea pig lungs. This strategy represents a novel approach for sustained local drug delivery to the lung without using encapsulating matrices.
INTRODUCTION
Pulmonary delivery of small-molecule, water-soluble drugs (<1,000 Da) for prolonged local action in the lung epithelia and airway mucosa is very challenging [1, 2] . When delivered Electronic supplementary material The online version of this article (doi:10.1007/s11095-015-1808-x) contains supplementary material, which is available to authorized users.
as free drugs, they are expected to rapidly dissolve in mucus and are therefore not highly susceptible to muco-ciliary clearance. However, dissolved small-molecule drugs are likely to have short residence time in the lung due to immediate absorption into systemic circulation through the lung epithelia. Therefore, in order to maximize local drug duration, an inhaled formulation needs to effectively slow down systemic absorption.
Encapsulation of drugs inside particle carriers, such as polymeric and solid lipid particles, liposomes and micelles, is the conventional strategy to formulate sustained-releasing inhalable drugs [1] . However, encapsulating carriers bear practical limitations when used for inhalable therapeutics, especially for chronic indications, due to the potential pulmonary toxicity arising from the accumulation of these encapsulating agents and their breakdown products in the lung [3, 4] . Several studies even support a correlation between morbidity and mortality with inhalation of non-therapeutic nanoparticles [5, 6] . Given these long-term safety concerns, dosage forms containing minimal levels of encapsulating agents are preferable for inhalable therapeutics.
In addition to safety concerns, muco-ciliary clearance is another barrier to overcome for pulmonary delivery of encapsulated drugs. Muco-ciliary clearance is believed to be predominantly manifested in the luminal mucus layer (LML) wherein the majority of the inhaled particulates are trapped and removed by mucus to protect the underlying respiratory epithelia from exposure to foreign matter [7] . As the LML is freshly secreted and continuously swept by the cilia out of the lungs and into the trachea in the order of minutes, a majority of the inhaled drugs that are still encapsulated are eliminated, resulting in poor drug availability [2, 8] .
Drugs encapsulated in polymeric mucus-penetrating particles (MPPs) have shown prolonged exposure in mucosal tissues compared to non-MPPs [9] [10] [11] . It is believed that the dense coating of methoxy poly(ethylene) glycol (mPEG) stabilizers present in MPPs allowed the nanoparticles to efficiently bypass mucus clearance mechanisms. In order to overcome the potential problems resulting from the aforementioned safety concerns of encapsulating carriers, we engineered an entirely novel delivery platform, mucus-penetrating crystals (MPCs), that could be applied to various types of local therapies [12, 13] . Unlike polymeric MPPs, the inner core of the MPCs described herein are comprised entirely of unencapsulated crystalline drug. Although the MPCs described herein include surface-adsorbed surfactants, the particle core of the MPCs is excipient-free. In effect, the excipient loading in an MPC dosage is substantially lower relative to conventional drugencapsulated formulations, making these MPCs ideally suited for inhalation therapies.
Sustained exposure is particularly important for drugs that exhibit time-dependent pharmacodynamics, such as β-lactam antibiotics. We demonstrate herein MPC formulations that can produce prolonged duration of meropenem in the lungs. We especially selected this highly soluble antibiotic as the model compound because drugs exhibiting fast dissolution are extremely difficult to deliver in a sustained manner without using rate-controlling matrices to regulate drug release. To provide controlled dissolution from MPC, we first synthesized a novel lipophilic prodrug of meropenem (MRPD). The prodrug was then formulated into MPCs (MRPD-MPC) to impart muco-inert properties on the nanoparticles. Upon deposition in the conducting airway, we hypothesized that MRPD-MPC would overcome muco-ciliary clearance to remain in the lung, slowly dissolve to produce steady levels of the prodrug and hydrolyze to release the pharmacologically active meropenem. To test this hypothesis, we evaluated the lung pharmacokinetics (PK) of intratracheally-instilled MRPD-MPC suspension and meropenem solution in guinea pigs.
MATERIALS AND METHODS

Synthesis of MRPD
The novel prodrug MRPD and its precursors were synthesized as described below.
Preparation of (benzoyloxy)methyl-4-nitrophenyl carbonate (1). Iodomethyl-4-nitrophenyl carbonate (0.97 g, 3.0 mmol) was dissolved in toluene (20 mL). Benzoic acid (0.55 g, 4.5 mmol) and silver oxide (1.24 g, 5.36 mmol) were added. The resulting mixture was heated at 80°C for 2 h and filtered through silica pad with the aid of more toluene. Volatiles were evaporated under reduced pressure, yielding compound 1 as a yellow oil (0.89 g, 93%), which was used further without purification. Preparation of chloromethyl benzoate (2). Sodium benzoate (4.8 g 33.3 mmol), sodium bicarbonate (8.4 g 100.0 mmol) and tetrabutylammonium sulfate (1.1 g, 3.3 mmol) were dissolved in water (70 mL). Dichloromethane (70 mL) was added followed by chloromethyl chlorosulfonate (4.2 mL, 40.3 mmol). The resulting mixture was a biphasic solution that was vigorously stirred for 3 h. The phases were separated. The organic phase was washed with water (2×50 mL) and dried over anhydrous magnesium sulfate. The solution was filtered through a small plug of silica (5 g) and evaporated under reduced pressure to yield compound 2 as a colorless liquid (5.2 g, 92%). The analytical data for compound 2 were identical to those reported in literature [14] . Preparation of iodomethyl benzoate (3). Compound 3 was prepared by a modification of a literature procedure [15] . Chloromethyl benzoate (2.7 g, 15.9 mmol) was dissolved in acetone (20 mL). Sodium iodide (7.1 g, 47.6 mmol) was added, and the resulting mixture was stirred for 3 h at 45°C, diluted with acetone (100 mL), filtered in the absence of light, and evaporated under reduced pressure. The residue was dissolved in diethyl ether (100 mL), washed with aqueous sodium bicarbonate and aqueous sodium thiosulfate, dried over anhydrous magnesium sulfate, and evaporated under reduced pressure in the absence of light to yield compound 3 as a yellow oil (3.3 g, 79%). The analytical results of compound 3 were identical to literature data [15] . Compound 3 was used immediately in the subsequent step.
Meropenem trihydrate (1.27 g, 2.90 mmol) was dissolved in dimethylformamide (20 mL). (Benzoyloxy)methyl-4-nitrophenyl carbonate (compound 1, 0.92 g, 2.90 mmol) was added as a solution in dimethylformamide (2 mL). The resulting mixture was stirred for 1 h. Anhydrous sodium carbonate (0.62 g, 5.80 mmol) and iodomethyl benzoate (compound 3, 1.52 g, 5.80 mmol) were added. The reaction suspension was stirred for 1 h, then ethyl acetate (200 mL) was added and the resulting mixture was washed in sequence with water (50 mL) and aqueous saturated sodium bicarbonate (3×50 mL), then dried over anhydrous magnesium sulfate. The volatile organic solvents were evaporated under reduced pressure and the resulting residue was dissolved in dichloromethane (100 mL) and further evaporated under reduced pressure. The resulting thick oil was dissolved in minimal amount of dichloromethane (about 5 mL) and poured into diethyl ether (200 mL) to precipitate the semi-solid crude product, which was filtered and dissolved in a mixture of ethyl acetate and acetone (4:1, 20 mL). The resulting solution was filtered through a silica pad (10 g) with the aid of additional solvent mixture (ethyl acetate and acetone (4:1)) as needed. Volatile solvents were evaporated under reduced pressure to yield a yellow solid (1.45 g), which was purified by preparative HPLC (Zorbax C18, 50 mm×250 mm) running on a gradient from 50:50 to 10:90 water (containing 0.1% formic acid)/acetonitrile (containing 0.1% formic acid) in 10 min at a flow rate of 118 mL/min. The relevant fractions were neutralized with saturated sodium bicarbonate solution (5 mL), and volatile solvents were evaporated under reduced pressure to yield a cloudy suspension that was extracted with dichloromethane. The organic layer was dried over anhydrous magnesium sulfate and evaporated under reduced pressure to dryness. The resulting residue was dried in vacuo to yield MRPD as a white solid (280 mg, 14%). 
Solubility of MRPD in Water
An Agilent 1100 Series high-performance liquid chromatography (HPLC) equipped with a diode array detector and a Waters Xterra MS C 18 column (3.5 μm particles, 3.0× 150 mm) was used to evaluate the solubility of neat MRPD in water. The composition of the eluting mobile phase ramped linearly from 98:2 to 0:100 of 0.1% phosphoric acid in water:acetonitrile over 10 min. The injection volume, elution flow rate, column temperature and monitoring wavelength were 5 μL, 0.6 mL/min, 40°C and 323 nm, respectively.
Briefly, neat MRPD (1 mg) was suspended in triply-distilled, deionized water (1 mL), then gently stirred at ambient temperature for 24 h. Then, the suspension was transferred into a 1.5-mL tube and spun at 13,200 rpm using an Eppendorf 5415 D centrifuge. The supernatant was carefully transferred into a sampling vial for HPLC content analysis of the prodrug. The corresponding area-under-the-curve of MRPD in the chromatogram was approximately 50% compared to that of a 5 μg/mL standard in acetonitrile.
Formulation of MRPD-MPC
Mucus-penetrating crystals were prepared using methods of milling crystals described elsewhere [16] . Briefly, a phosphatebuffered saline slurry containing 5% MRPD (>10 μm diameter) and 5% poloxamer 407, which acts as surface stabilizer, was added to an equal bulk volume of 1-mm Ceria-stabilized zirconium oxide beads (Next Advance, Inc., New York) in a glass vial. A magnetic stirring bar was used to agitate the beads, stirring at approximately 500 rpm. After 4 days of milling, the MRPD-MPCs reached the desired diameter and polydispersity index (PDI) of <500 nm and<0.2, respectively. Particle size of freshly-prepared and stored particles (i.e., as described in stability studies section herein) was assessed using dynamic light scattering (DLS) as follows: the suspension of MRPD was diluted to 0.01-0.05% w/v using 0.7% w/v sodium chloride, then particle size was measured using Zetasizer Nano ZS90 (Malvern, United Kingdom). The Z-average diameter and PDI were reported as an average of three separate measurements.
Stability Studies
Physical Stability
A suspension of freshly-prepared MRPD-MPC was stored in a clear scintillation vial under ambient conditions. Aliquots were taken at 1-, 2-, 4-and 14-week time points, then particle size was determined as described (vide supra).
Chemical Stability
An HPLC method similar to the solubility study was used to evaluate the chemical stability of MRPD-MPC, except that a Waters SunFire C 18 column (3.5 μm particles, 4.6×150 mm) was used and the mobile phase elution ramp time and flow rate were adjusted to 8 min and 1.2 mL/min, respectively. A triplicate of diluted solutions of MRPD, typically around 0.3-0.4 mg/mL, were prepared by dissolving an appropriate aliquot volume of MRPD-MPC suspension in 90% ethanol in separate vials, then the prodrug content in each solution was determined by HPLC. The peak area of the prodrug in a freshly-prepared MRPD-MPC suspension was assigned as 100% content. The peak areas of MRPD at the 1-, 2-and 4-week time points were reported relative to the values obtained for the freshly-prepared MRPD-MPC suspension.
Particle Tracking of MRPD-MPC in Cervicovaginal Mucus (CVM)
Human CVM was collected (Boston IVF, MA) following a protocol approved by the New England Institutional Review Board. Samples for particle tracking were prepared for microscopy by adding 1 μL of 5% w/v MRPD-MPC, which is weakly blue fluorescent, to 20 μL of reconstituted CVM along with positive-and negative-control particles. Green fluorescent, carboxylate-modified 200-nm polystyrene nanoparticles (Life Technologies, NY) were used as a negative control to confirm the barrier properties of CVM. Red fluorescent, 200-nm PS particles covalently modified with mPEG-5000 were used as a positive control due to its well-established mucus penetration behavior. Using a fluorescent microscope equipped with a CCD camera, movies approximately 15 s were captured at a temporal resolution of 66.7 ms (15 frames/s) under 100× magnification for each type of particle: MRPD-MPC, negative control, and positive control. At minimum, two sets of measurements from different regions in the CVM were acquired for each particle type. Individual trajectories of multiple particles (n≥14) were then measured using Image-Pro Analyzer v. 7.0 (Media Cybernetics, Inc., MD) over a timescale of at least 2.0 s (30 frames). The resulting mobility data are quantified in Supplementary Table S1 as ensemble-averaged velocity, V mean , which is the average particle velocity of the ensemble in the measured regions during the specified timescale.
Scanning Electron Microscopy (SEM)
Images were obtained using a Phenom Desktop SEM (Phenom-World, The Netherlands). MRPD-MPC particles (0.5 mg) were added to water (1 mL) and centrifuged at 12, 800 rpm for 10 min. The supernatant was removed, then the pellet was deposited onto an SEM sample holder covered with carbon tape. After drying under ambient conditions, sample was coated using a Quorum SC7620 Sputter Coater (Quorum Technologies Ltd, United Kingdom) with a goldpalladium target. Images were collected at high resolution with the detector set to full topography.
In Vitro Metabolism of MRPD in Human Lung Microsomes
Preparation of Test Solutions
The test article was MRPD while meropenem served as a control article. Fresh 5-mM stock solutions of test and control articles were prepared separately in DMSO and further diluted to 1.25 mM with acetonitrile. These stock solutions were further diluted and incubated with lung microsomes as described below.
Metabolic Stability Assay
Pooled lung microsomes (Xenotech, Kansas) at 10 mg/mL were quick-thawed in a 37°C water bath and diluted fivefold in 100 mM potassium phosphate buffer, pH 7.4 (warmed to 37°C) to a concentration of 2 mg/mL. The test and control articles were diluted 125-fold from the 1.25 mM intermediate stock solutions in 100 mM potassium phosphate, pH 7.4, 4 mM NADPH (Sigma-Aldrich) (target of 10 μM test article). Two hundred microliters of this 10-μM compound solution (containing either the test or control compound and NADPH cofactor) was added to an equal volume of 2 mg/mL lung microsomes in polypropylene 96-well plates to initiate the incubation. The final assay concentrations were 5 μM compound, 1 mg/mL lung microsomes and 2 mM NADPH. Immediately after adding compounds to the microsomes, triplicate 50-μL aliquots were removed (for T 0 samples) and then quenched with 200 μL of the acetonitrile quenching solution to precipitate protein. The quenching solution was acetonitrile containing 250 ng/mL of carbutamide and glyburide as internal standards. The assay incubation plate was maintained at 37°C with gentle agitation in a 37°C rocking incubator. Aliquots were similarly removed and quenched after 15, 30, 60, 90 and 120 min. The meropenem control sample was quenched at T 0 (i.e., this T 0 signal was used as a 5-μM reference point in order to calculate relative % conversion). Quenched samples were maintained on ice before they were centrifuged at 2,000×g for 5 min at 5°C in a Thermo Sorvall Legend refrigerated centrifuge. Fifty-microliter aliquots of the supernatants were removed and diluted with 100 μL water to reduce the organic content prior to analysis by LC/MS/MS.
Analysis
An ACE C 18 , 3 μm, 50×2.1 mm column with a linear gradient (0.5 mL/min flow rate) from 100% mobile phase A (0.1% formic acid in water) to 95% mobile phase B (0.1% formic acid in acetonitrile) was used. The injection volume was 20 μL. Electrospray in positive mode was used. Measurements were made with an ABI Sciex 4000 LC/MS/MS instrument. Data were captured and processed using Analyst v.1.4.2. The MRM transitions used were as follows: meropenem=384.3/ 114.0, carbutamide=272.2/156.0 and glyburide=494.2/ 369.0.
Pharmacokinetic Profiling in Guinea Pigs
In-Life Study
The study was conducted at Charles River Laboratories Montreal, Canada. Fifty three male guinea pigs (Cavia porcellus) approximately 6 weeks old (Charles River, Canada) were used. Animals were given a single dose of either 8.0-mg/mL solution of meropenem or 14.5-mg/mL suspension of MRPD-MPC (equivalent to 8.0 mg/mL of meropenem) using an intratracheal microsprayer (PennCentury Wyndmoor, PA). The dose volume was 0.2 mL per animal. At the designated time points (0.083, 0.25, 0.5, 1, 3, 6, 9 and 12 h) lungs were removed, snap-frozen and shipped to a bioanalytical laboratory (Nextcea, MA) for drug measurements.
Analysis
A Varian Metasil C18 50×2.0-mm column with a linear gradient (0.4 mL/min flow rate) from 100% mobile phase A (0.1% formic acid in water) to 95% mobile phase B (0.1% formic acid in acetonitrile) was used. The injection volume was 10 μL. Frozen tissues were stored at −80°C before being homogenized 1:3 w/v with acetonitrile-water (1:1 v/v). Cold acetonitrile was added to the resulting supernatant (4:1 v/v) to precipitate proteins prior to analysis. Electrospray in positive mode was used, and verapamil was used as the internal standard. Measurements were made with an ABI Sciex 5000 LC/MS/MS instrument. Data were captured and processed using Analyst v. 
RESULTS
Preparation of MRPD-MPC
A prerequisite for formulating meropenem as MPCs was to synthesize a hydrophobic form of this otherwise hydrophilic drug. This was accomplished by chemically masking the hydrophilic carboxylic acid and amine functional groups of meropenem with hydrophobic benzoate esters and a formaldehyde bridge (Scheme 1). The resulting novel prodrug (MRPD) was isolated as a crystalline compound, as evidenced by polarized light microscopy ( Fig. 1) , and was found to be markedly more hydrophobic than meropenem, as indicated by over a thousand-fold decrease in its solubility (S) in water (S <10 μg/mL) compared to the parent drug (S>50 mg/mL) [18] . Coarse crystals of MRPD (diameter >10 μm) were then milled in an aqueous suspension containing poloxamer 407 and milling media. SEM confirmed that the coarse irregular crystals were reduced to fine crystalline nanoparticles of a narrow size distribution. The Z-average diameter of these particles measured by DLS was 443 nm with a PDI of 0.173 (Fig. 1) . During storage, the aqueous MRPD-MPC suspensions appeared physically and chemically stable (Supplementary Figs. S1 and S2) for 14 and 4 weeks, respectively. Examination of physical and chemical stability was not conducted at longer time points.
Enhanced Mobility of MRPD in Human Mucus
MRPD is weakly fluorescent due to the phenyl moieties present in the protecting groups. Thus, mobility of MRPD-MPCs in human mucus was confirmed ex vivo using a tracking method that measures real-time displacement of multiple particles via fluorescent microscopy [19, 20] . Control nanoparticles comprised of a 200 nm polystyrene (PS) core terminated with either mPEG-5000 (positive control) or carboxylate (negative control) units were used to benchmark the mobility of MRPDMPCs [17, 19, 20] . Table I shows that the recorded mean ensemble velocity (V mean ) of the positive control was 6.6± 0.6 μm/s. Under the same conditions, the V mean of the negative-control particles was approximately an order of magnitude lower (V mean =0.58± 0.80 μm/s). The mobility of MRPD-MPCs was approximately half of the positive control (V mean =3.2±1.1 μm/s) but significantly higher than the negative control. The mobility of MRPD-MPCs can be further visualized using real-time particle tracking to determine particle displacement over time ( Supplementary Fig. S3 ). Within the 15-s data acquisition period, the positive-control and MRPD-MPCs underwent ensemble-average maximum displacements of 6.0±2.8 μm and 2.7±1.8 μm from origin, respectively. Under the same timeframe, the negative control nanoparticles were significantly hindered, as evidenced by an average displacement of only 0.29±0.85 μm. Clearly, both the V mean and particle displacement results indicate that MRPD-MPCs exhibit good mobility in human mucus.
In Vitro Metabolism of MRPD
The efficiency at which MRPD undergoes metabolic conversion to release meropenem was evaluated in human lung microsomes (HLMs) [21] . Homogenized HLMs were incubated with pre-dissolved MRPD and tandem mass spectrometry was used to quantify the amount of liberated meropenem. Results in Fig. 2 show that MRPD hydrolyzed into meropenem within minutes of incubation and hydrolysis reached near completion (98%) after 90 mins. Little or no meropenem was detected when the incubation assay was performed in the absence of HLMs, suggesting that prodrug hydrolysis was metabolically driven.
Lung Pharmacokinetic (PK) Studies of MRPD
As a carbapenem, meropenem undergoes rapid hydrolysis and inactivation by dehydropeptidase I, a ring-opening β-lactamase. This enzyme is more active in mice, rats, rabbits and monkeys than in humans, beagle dogs and guinea pigs [22, 23] . Therefore, guinea pigs were chosen to evaluate lung PK of MRPD. Intratracheal administration was used to maximize delivery of the dose to the conducting airways. Stoichiometric equivalent doses of MRPD and meropenem at 2.9 and 1.6 mg, respectively, were administered to the animals. The dose of meropenem was chosen based on the daily dosage of Scheme 1 Synthesis of MRPD starting from meropenem. Fig. 1 Wet milling of MRPD crystals in poloxamer 407 reduced the particle size from ≥100 nm to sub-micron by dynamic light scattering (DLS). Images were obtained using polarized light microscopy and scanning electron microscopy, respectively. Measurement by DLS shows that MRPD-MPC nanoparticles have average size (by intensity) of 443 nm, polydispersity index=0.173.
aztreonam (Cayston®), a monobactam that is currently the only approved inhaled β-lactam antibiotic [24] . The standard human dose of 75 mg aztreonam thrice-daily (225 mg/day), or 3.75 mg/kg each day (assuming a 60 kg human), equates to a weight-adjusted dose of approximately 1.6 mg meropenem for a 425-g guinea pig.
Peak concentrations (C max ) of meropenem were observed in the whole lung within minutes after intratracheal administration in animals receiving either meropenem solution or MRPD-MPCs. However, meropenem levels rapidly declined in animals receiving the solution formulation compared to those given MRPD-MPCs. At 9 h after dosing, meropenem levels in the solution group dropped to 12 ng/mL ( Fig. 3 and Supplementary Table S1 ). In contrast, animals receiving MRPD-MPCs maintained an average lung meropenem level of at least 1,065 ng/mL over a 12-h period and were statistically higher at 6, 9 and 12 h post-dose when compared to animals dosed with meropenem solution. Concentrations of intact MRPD were also elevated throughout the 12-h examination period. At 12 h post-dose, lung tissue homogenates still contained over 20,000 ng/mL of the intact prodrug.
DISCUSSION
Our main goal was to identify a pharmaceutically acceptable formulation that can deliver a water-soluble, crystalline compound to the lung in a sustained manner without using rate-controlling carriers. Meropenem in its native form is highly water soluble (S>50 mg/mL), making it incompatible for sustained release. We designed and synthesized a lipophilic meropenem prodrug, MRPD, with drastically reduced solubility (S<10 μg/mL) and then formulated this crystalline compound into MRPD-MPCs to introduce muco-inert properties. Despite the known chemical instability of the β-lactam moiety in solution [18, 25, 26] , the aqueous suspensions of MRPD-MPCs were chemically stable for at least 4 weeks at ambient temperature ( Supplementary Fig. S1 ), likely due to the very low solubility of MRPD. The core of each MRPD-MPC particle is comprised exclusively of the crystalline prodrug and devoid of rate-controlling carriers. We hypothesize that a slow-dissolving prodrug particle is sufficient to regulate the production of solubilized MRPD, which will then steadily metabolize into meropenem in vivo.
A key requirement for producing MRPD-MPCs is to reduce the diameter of MRPD coarse crystals to<500 nm. This upper limit in particle dimension was indicated previously as being necessary to avoid adhesive interactions of particles with mucin fibers [8] . With wet milling, we produced MRPD-MPC that was 443 nm in diameter and subsequently The velocities of the ensemble (V mean ) were determined by analysis of particle trajectories that were obtained using fluorescent microscopy. The particle population (n) per ensemble ranged from 45 to 127. Fig. 2 Time-course metabolism data shows that MRPD hydrolyzed into meropenem upon incubation in human lung microsomes at 37°C. The hydrolysis half-life was less than 0.5 h and reached 98% completion after 1.5 h. Fig. 3 The pharmacokinetics of meropenem (n=3 per time point) exhibit markedly different profiles in the lung depending on the formulation. When dosed as a prodrug suspension, the meropenem levels remained steady, ranging 1,072 to 2,727 ng/mL over 12 h after dosing. The prodrug levels were also sustained at ≥5,344 ng/mL during the entire observation period. In contrast, meropenem was rapidly eliminated when dosed as solution, reaching only 12 ng/mL after 9 h post-dose.
confirmed by individual particle tracking analysis that these nanoparticles were mobile in mucus (Table I and Supplementary Fig. S3 ). A previous study using MPPs estimated that this diffusivity would result in the transport of approximately 35% of dosed MPPs across a 30-μm thick LML within 10 min [20] . Given that LML renews every 4-15 min [8] , both the reported MPP diffusivity and our particle tracking data provided an early indication that, in principle, a considerable fraction of MRPD-MPCs should resist mucociliary clearance following deposition into the conducting airways of guinea pigs. The mobility of MRPD-MPCs measured in ex vivo mucus appears to have translated in vivo, as sustained lung concentrations of MRPD at >5,000 ng/mL were observed for at least 12 h. The sustained drug PK behavior is presumed to result from the efficient penetration of MRPD-MPCs through the LML (Fig. 4, a-I ) and accumulation into the PCL (Fig. 4, a-II) , thereby effectively avoiding muco-ciliary clearance. As particles of MRPD-MPC slowly dissolved (Fig. 4, a-III) , a portion of the solubilized MRPD was absorbed into the systemic circulation as intact prodrug, while the rest were metabolized into meropenem (Fig. 4, a-IV) . Over time, the continuous dissolution and hydrolysis of MRPD into meropenem provided steady local drug concentrations of >1,000 ng/mL. At 12 h post-dose, the concentration of MRPD remained elevated, suggesting that meropenem could be sustained at >1,000 ng/mL for an even longer duration. In contrast, the control meropenem solution lacked a mechanism to extend drug duration. Once dosed, the drug was eliminated through metabolism and systemic absorption without being Breplenished^. Even though the C max of meropenem in the solution group exceeded 70,000 ng/mL at 5 min post-dose, drug concentration declined below 1,000 ng/mL at 3 h postdose until reaching only 10 ng/mL at 12 h post-dose.
The in vitro metabolic data of MRPD in HLMs suggest that the dissolved prodrug should enzymatically hydrolyze in vivo to rapidly liberate meropenem. This prediction is consistent with the observation that lung concentrations of meropenem after MRPD-MPC dosing were sustained over≥12 h, and implies that hydrolysis was not rate-limiting in vivo. The concentration of meropenem from the MRPD-MPC group at 12 h post-dose was >100-fold higher in the lung compared to the meropenem solution group (1,470 ng/mL vs. 10 ng/mL). This observation is remarkable because prolonged lung exposure of a soluble drug was accomplished with the novel combination of prodrug chemisty and the mucus-penetrating technology without drug encapsulation in a carrier matrix, which is typically required to achieve sustained local drug delivery [27] .
The data described herein also shows the potential to develop MRPD-MPCs as an inhalable antibiotic to treat cystic fibrosis (CF) lung infections caused by P. aeruginosa, the most common bacterial pathogen that causes chronic endobronchial infection among CF patients [28] [29] [30] . Sustained delivery of meropenem is highly desirable from a drug development perspective due to its time-dependent pharmacodynamics [31] . An inhalable dosage form of this antibiotic will be particularly beneficial to CF patients since intravenous meropenem is the current frontline therapy to treat CF lung infections [28] . At the dose used in the guinea pig study, the meropenem concentration at 12 h post-dose was marginally lower than the MIC 90 of the antibiotic against P. aeruginosa (8,000 ng/mL) [28] . It is conceivable that concentrations above MIC 90 can be achieved by simply increasing the dose of MRPD-MPCs. Additional experimentation should also be conducted to determine whether elevated concentrations can be achieved for 24 h to enable the development of a once-daily inhalable meropenem. If successful, this would represent a significant improvement over Cayston®, which is currently the only approved inhaled β-lactam and is indicated thrice-daily [32, 33] , likely due to its relatively short half-life in sputum [34] .
CONCLUSION
This work has demonstrated that a fundamentally novel combination of prodrug chemistry and the mucus penetrating platform can produce sustained levels of a soluble drug, meropenem, in guinea pig lungs. This strategy represents a novel platform for sustained drug delivery locally to the lung without the need of encapsulating matrices. Finally, the results show the potential of MRPD-MPC to be developed as an inhalable therapeutic to treat local diseases, such as CF lung infections, warranting further development activities, such as formulation of a dry powder, optimizing powder flowability, conducting more rigorous stability testing, etc.
